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Precisely regulated spatiotemporal gene expression
is essential for the establishment of neural circuits.
In contrast to the increasing evidence for transcrip-
tional regulation of axon guidance cues and recep-
tors, the role of posttranscriptional regulation in
axon guidance, especially in vivo, remains poorly
characterized. Here, we demonstrate that the
expression of Slit receptor Robo3/Rig-1, which plays
crucial roles in axonal midline crossing, is regulated
by a neural RNA-binding protein Musashi1 (Msi1).
Msi1 binds toRobo3mRNA throughRNA recognition
motifs and increases the protein level of Robo3
without affecting its mRNA level. In Msi1-deficient
precerebellar neurons, Robo3 protein, but not its
mRNA, is dramatically reduced. Moreover, similar
to defects in Robo3-deficient mice, axonal midline
crossing and neuronal migration of precerebellar
neurons are severely impaired in Msi1-deficient
mice. Together, these findings indicate that Msi1-
mediated posttranscriptional regulation of Robo3
controls midline crossing of precerebellar neurons.INTRODUCTION
During development, growing axons travel toward their final
destinations through long and complicated routes. Axons pass
through several intermediate targets sequentially to reach their
far-distant destinations, so that a series of short segments
divided by intermediate targets makes up an entire trajectory
(Tessier-Lavigne and Goodman, 1996). For instance, certain
axons are attracted to the floor plate, a prototypical intermediate
target, cross the midline at the floor plate, and then move on
toward their next target.As excellent models for understanding the regulatory mecha-
nisms of midline crossing, the axonal projections and neuronal
migration of hindbrain precerebellar neurons have been studied
in great detail. The axons of precerebellar neurons, the so-
called climbing fiber and mossy fiber, are the two main afferent
networks conveying information to the cerebellar cortex. The
germinative neuroepithelium located at the most dorsal part
of the caudal hindbrain, the rhombic lip, gives rise to all precer-
ebellar neurons including inferior olivary (IO) neurons, lateral
reticular nucleus (LRN) neurons, external cuneate nucleus
(ECN) neurons and pontine nucleus (PN) neurons at different
developmental stages (IO neurons: E10–11, LRN/ECN neurons:
E11–12, PN neurons: E12–16; Pierce, 1966; Altman and Bayer,
1987a; Bourrat and Sotelo, 1988, 1991). These cells then
migrate toward the ventral midline with a leading process that
initiates the tangential migratory pathway (Bourrat and Sotelo,
1988). Although the leading processes, which correspond to
the future axons, of all precerebellar neurons cross the ventral
midline at the floor plate, their cell bodies show distinct behav-
iors around the floor plate. IO neurons with a very long leading
process migrate toward the midline, and their processes cross
the midline first but the cell bodies stop just before crossing the
midline; thus, IO neurons project their axons across the floor
plate into the contralateral cerebellum (Figure 1A; Altman and
Bayer, 1987b; Marillat et al., 2004). On the other hand, LRN/
ECN neurons with a short process migrate toward the midline,
and both the processes and the cell bodies cross the ventral
midline almost simultaneously, thus LRN/ECN neurons project
their axons into the ipsilateral cerebellum (Figure 1A; Marillat
et al., 2004).
The classical guidance cues secreted from floor plate
cells, such as Netrin and Slit, play major roles in the midline
crossing of hindbrain precerebellar neurons. Netrin-1 attracts
all precerebellar neurons through its receptor ‘‘deleted in
colorectal cancer’’ (DCC) (Yee et al., 1999; Bloch-Gallego
et al., 1999; Alca´ntara et al., 2000; de Diego et al., 2002;
Taniguchi et al., 2002). Members of the Slit family (Slit1, Slit2,
Slit3) and their receptors of the Robo family (Robo1, Robo2,
Robo3/Rig-1 [hereafter referred to as Robo3]) are expressedNeuron 67, 407–421, August 12, 2010 ª2010 Elsevier Inc. 407
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Figure 1. Msi1 Is Expressed in Migrating Precerebellar Neurons
(A) Schematic representations of the migratory pathways (a) and the axonal midline crossing (b) of IO and LRN/ECN neurons in cross sections of the embryonic
hindbrain. Precerebellar neurons originate from the rhombic lip (RL) and migrate dorsoventrally toward the floor plate (FP). LRN/ECN neurons (blue circles in (a))
migrate superficially in the marginal stream and both axons and cell bodies cross the floor plate. IO neurons (red circles in (a)) migrate along a deeper pathway in
the submarginal stream. The axons of IO neurons cross the floor plate, while the cell bodies do not cross the floor plate and form the inferior olivary nucleus (ION)
just adjacent to the midline.
(B–E) Immunohistochemistry on coronal sections of E13.5 hindbrain fromwild-type (WT) orMsi1-deficient (Msi1/) mice. (B) Expression ofMsi1.Msi1waswidely
expressed in the hindbrain including the rhombic lip (arrow) and themigratory streams of precerebellar neurons (arrowheads). (C) IO (arrow) and LRN/ECN (arrow-
head) neurons in WT mice were immunolabeled with antibodies against Brn3.2 and Pax6, respectively. The asterisk indicates the floor plate. The box in the left
panel indicates the position of the high-magnification image in the right panel. (D and E) Sections of E13.5 hindbrain from WT mice were coimmunostained with
anti-Msi1 and anti-Brn3.2 antibodies (D), or anti-Msi1 and anti-Pax6 antibodies (E). The boxes in the left panels indicate the positions of the high-magnification
images shown in the right panels. Note that all migrating IO and LRN/ECN neurons express Msi1.
Scale bar: (B) 200 mm; (C) 100 mm; (D and E) left panels 100 mm, right panels 50 mm (see also Figure S1).
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RNA-Based Regulation in Axon Guidancein the developing hindbrain and also contribute significantly to
midline crossing of precerebellar neurons (Marillat et al., 2004;
Di Meglio et al., 2008).408 Neuron 67, 407–421, August 12, 2010 ª2010 Elsevier Inc.The expression levels of axon guidance receptors on the
growing axon are a crucial determinant of axonal attraction
and repulsion (Dickson and Gilestro, 2006). In spinal cord
Neuron
RNA-Based Regulation in Axon Guidancecommissural axons, the expression levels of several surface
proteins, including L1, TAG1 and the guidance receptors
EphA2, Robo1, and Robo3, are dramatically changed at the
midline (Dodd et al., 1988; Brittis et al., 2002; Sabatier et al.,
2004). While many transcription factors regulating the expres-
sions of guidance receptors have been identified, for instance
Pax-2 and Lhx2/Lhx9 for Robo3 (Yuan et al., 2002; Wilson
et al., 2008), the contribution of posttranscriptional regulation
remains largely unknown.
Robo3 has a crucial role in axonal midline crossing in both the
hindbrain and the spinal cord. The defects in Robo3-deficient
(Robo3/) mice indicate that Robo3 interferes with Slit-medi-
ated repulsive signal(s) (Sabatier et al., 2004). In the hindbrain,
the axons of Robo3/ precerebellar neurons fail to cross the
floor plate and project to the ipsilateral cerebellum (Marillat
et al., 2004). Moreover, many mutations in the human Robo3
gene have been identified in individuals with the autosomal-
recessive syndrome of horizontal gaze palsy with progressive
scoliosis (HGPPS) (Jen et al., 2004). HGPPS patients have
multiple defects, including aberrant ipsilateral projections of
ascending and descending fibers in the hindbrain (Jen, 2008),
that are quite consistent with the defects in Robo3/ mice.
The Musashi family is an evolutionarily conserved family of
RNA-binding proteins that regulate the translation of target
mRNAs. In mammals, this family comprised of two members,
Musashi1 (Msi1) and Musashi2 (Msi2). Both Msi1 and Msi2 are
predominantly expressed in neural stem/progenitor cells and
are thought to be involved in the regulation of stem cell self-
renewal by controlling the translation of target mRNAs (Sakaki-
bara et al., 1996, 2001, 2002). To date, two target mRNAs of
Msi1, the Notch signaling inhibitor m-numb and the cell cycle
inhibitor p21WAF, have been identified. Msi1 represses the trans-
lations of m-numb and p21WAF through sequence specific
binding to the 30UTR (30untranslated region) of mRNAs (Imai
et al., 2001; Battelli et al., 2006). On the other hand, during Xen-
opus oocyte maturation, the Xenopus homolog of Msi1 NRP
promotes the translation of multiple mRNAs through binding to
their 30UTRs (Charlesworth et al., 2006). Thus, Msi1 can poten-
tially function as both a translational activator and a repressor,
depending on the cellular content and target mRNA.
In this study, we found that Msi1 was also expressed in devel-
oping postmitotic neurons. UsingMsi1-deficient (Msi1/) mice,
we demonstrated that Msi1 was required for axonal midline
crossing and neuronal migration of IO and LRN/ECN neurons.
We also showed that Msi1 controlled Robo3 expression at the
posttranscriptional level in vitro and in vivo. Furthermore, we
showed that the expression level of Robo3 controlled by Msi1
determined the midline crossing of precerebellar neurons. These
findings reveal a critical role for posttranscriptional regulation of
the axon guidance machinery via specific RNA binding proteins.
RESULTS
Msi1 Is Expressed in Developing Precerebellar Neurons
To explore novel functions of Msi1, we first examined the
detailed expression pattern of Msi1 in the developing nervous
system. As we previously reported (Kaneko et al., 2000), Msi1
was highly expressed in regions where neural stem/progenitorcells reside (see Figure S1A available online). By comparing
the expression patterns in wild-type (WT) and Msi1/ mice,
however, we also found that Msi1 was expressed in developing
neurons in various regions including the hindbrain, spinal cord
and cerebral cortex (Figure S1A). In the hindbrain, for example,
Msi1 was highly expressed in postmitotic neurons in addition
to neural stem/progenitor cells, at least from E12.5 to E18.5
(Figure S1B). To investigate the functions of Msi1 in developing
neurons, we focused on precerebellar neurons in the hindbrain.
At E13.5 when IO and LRN/ECN neurons are migrating in the
submarginal and marginal streams, respectively, from the
rhombic lip toward the ventral midline (Figure 1A), Msi1 was
expressed in the entire region of the caudal hindbrain including
the migratory streams of precerebellar neurons and the rhombic
lip (Figure 1B). Msi2, in contrast, was not expressed in themigra-
tory streams of precerebellar neurons (Figure S1C). As shown in
Figures 1D and 1E, coimmunostaining experiments confirmed
that Msi1 was expressed in all migrating IO and LRN/ECN
neurons which were specifically labeled with antibodies against
Brn3.2 and Pax6, respectively (Di Meglio et al., 2008; Figure 1C).
Further immunohistochemical analysis for Msi1 expression
under conditions in which the fluorescence signal was not satu-
rated revealed that the expression levels of Msi1 apparently
decreased in both IO and LRN/ECN neurons as they approached
the floor plate (Figure S1D), suggesting that Msi1 expression
might be spatially and temporally regulated in precerebellar
neurons during their migration.
Msi1 Is Essential for Midline Crossing of IO
and LRN/ECN Neurons
To explore the possibility that Msi1 regulates axonal projections
and migration of precerebellar neurons, we next examined
whether midline crossing of precerebellar neurons is disrupted
in Msi1/ mice. We first analyzed midline crossing of IO
neurons. The unilateral injection of DiI crystals into the
cerebellum in P0 mice (Figure 2A) revealed that the retrogradely
DiI-labeled inferior olivary nucleus was located on the side
contralateral to the injection side and that DiI-labeled IO axons
crossed the floor plate in all WT (n = 18 of 18) and Msi1 hetero-
zygousmice (n = 16 of 16) (Figure 2B). InMsi1/mice, however,
the DiI-labeled inferior olivary nucleus was abnormally located
ipsilateral (n = 14 of 19) or both contralateral and ipsilateral
(n = 5 of 19) to the injection side (Figure 2B). Moreover, in
Msi1/ mice in which the DiI-labeled inferior olivary nucleus
was only located ipsilateral to the injection side, DiI-labeled IO
axons were never observed in the floor plate (Figure 2B). These
results suggest that IO axons abnormally project to the ipsilateral
cerebellum without crossing the floor plate in Msi1/ mice. We
next attempted to clarify whether the ipsilateral projection of IO
axons in Msi1/ mice resulted from a failure of axonal midline
crossing (axons and cell bodies do not cross the floor plate) or
an abnormal midline crossing of the cell bodies of IO neurons
(axons and cell bodies both cross the floor plate). To distinguish
these possibilities, we investigated the crossing of IO axons at
E13.5, a peak time for midline crossing of IO neurons in WT
mice (Figure 2C). Since EphA4, a receptor tyrosine kinase, is
specifically expressed in IO neurons but not in LRN/ECN
neurons at E13.5 (de Diego et al., 2002; Figure 4C), we labeledNeuron 67, 407–421, August 12, 2010 ª2010 Elsevier Inc. 409
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Figure 2. Axons of IONeurons DoNot Cross
the Midline in Msi1-Deficient Mice
(A) Schematic representation of a unilateral DiI
injection into the cerebellum. The yellow arrow
shows the migratory pathway of the IO neurons
illustrated in the scheme. FP: floor plate.
(B) DiI crystals were unilaterally injected into the P0
mice cerebellum. IO neurons in wild-type (WT)
mice were retrogradely labeled only contralateral
to the injection site (arrow in left-top panel),
whereas in Msi1-deficient (Msi1/) mice IO
neurons were labeled ipsilateral to the injection
side (arrow in left-bottom panel). The arrowheads
in the left panels indicate the midline. The dotted
boxes in the left panels indicate the positions of
the high-magnification images shown in the right
panels. The dashed lines in the right panels repre-
sent the midline.
(C) Immunolabeling of IO axons crossing the floor
plate. Coronal sections of E13.5 hindbrain were
immunostained with anti-EphA4 antibody. The
right panels show magnified views of the left
panels. Many IO axons were labeled around the
floor plate (arrowheads) in WT mice, while only
a few IO axons were detected around the floor
plate in Msi1/ mice. Some non-specific signals
were detected in the floor plate, which were distin-
guishable from IO axons by morphology. FP: floor
plate.
(D and E) Sagittal sections from 6-week-old mice
cerebellum. (D) Sections were immunostained
with anti-VGluT2 antibody for the labeling of axon
terminals of IO neurons. (E) DiI crystals were in-
jected into the inferior olivary nucleus at 6 weeks
of age for the anterograde labeling of IO axons.
In both WT andMsi1/mice, axons of IO neurons
projected into the cerebellum.ML:molecular layer,
PL: Purkinje cell layer, GCL: granule cell layer.
Scale bar: (B) left panels 200 mm, right panels
50 mm; (C) 50 mm; (D) 50 mm; (E) 100 mm.
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RNA-Based Regulation in Axon Guidancethe crossing IO axons using an anti-EphA4 antibody. At this
stage, the expression level of EphA4 was not apparently altered
in the submarginal stream in E13.5 Msi1/ mice (Figure 4C),
suggesting that a deficiency of Msi1 is unlikely to reduce
EphA4 expression. Around the floor plate, only a few IO axons
were detected in Msi1/ mice, while many EphA4-positive IO
axons were detected in WT mice (Figure 2C), indicating that IO
axons have difficulty crossing the floor plate in Msi1/ mice.
Furthermore, like WT mice, either Brn3.2-positive or Hoechst-
stained cells were never observed in the floor plate at the level
of the inferior olivary nucleus in Msi1/ mice at least from
E12.5 to E18.5 (data not shown), suggesting that IO neurons
do not cross the floor plate in these mice. Taken together, our
results suggest that in Msi1/ mice, the axons do not cross
the floor plate, while the cell bodies appropriately stop adjacent
to the floor plate, explaining why the axons project to the ipsilat-
eral cerebellum. We further examined the projection patterns of
IO axons in the cerebellum. In 6-week-old Msi1/ mice, the
number and distribution patterns of vesicular glutamate trans-
porter 2 (VGluT2)-positive puncta, which is selectively localized410 Neuron 67, 407–421, August 12, 2010 ª2010 Elsevier Inc.in synaptic vesicles in the terminals of IO axons in the molecular
layer, appeared to be essentially normal when compared to
those of WT mice (Figure 2D). The anterograde-DiI tracing of
IO axons from the inferior olivary nucleus also revealed that the
axonal density and terminal axonal branching of IO neurons in
the molecular layer were normal in 6-week-old Msi1/ mice
(Figure 2E). These results suggest that IO axons in Msi1/
mice, which have failed to cross the midline, still project to their
appropriate target regions in the cerebellum, but on the ipsilat-
eral rather than the contralateral side.
We next analyzed midline crossing of LRN/ECN neurons. By
whole mount immunostaining for Pax6, LRN/ECN neurons
migrating on the surface of the E13.5 hindbrain were clearly visu-
alized in both WT and Msi1/ mice (Figure 3A). In the lateral
hindbrain, the trajectory and the number of migrating LRN/ECN
neurons in Msi1/ mice appeared to be normal. In the ventral
hindbrain, however, the number of migrating LRN/ECN neurons
gradually decreased toward the ventral midline inMsi1/ mice,
whereas many LRN/ECN neurons were detected in the ventral
midline area in WTmice. These results suggest that the absence
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Figure 3. LRN/ECN Neurons Do Not Cross
the Midline in Msi1-Deficient Mice
(A) E13.5 whole-mount hindbrain immunostained
with anti-Pax6 antibody. Migrating LRN/ECN
neurons (arrows) were detected on the surface of
the lateral and ventral hindbrain in both wild-type
(WT) and Msi1-deficient (Msi1/) mice. Note that
the number of migrating LRN/ECN neurons was
decreased around the midline (arrowhead) in
Msi1/ mice. The dashed lines show the midline.
RL: rhombic lip, CB: cerebellum, SC: spinal cord.
(B) Coronal sections of E13.5 hindbrain from WT
and Msi1/ mice were immunostained with anti-
Pax6 antibody. FP: floor plate.
(C and D) Quantification of the number of Pax6-
positive cells in the floor plate (C) and the marginal
stream (D). The quantified regions are indicated in
(B): (a) and (c) for the floor plate, (b) and (d) for the
marginal stream. The data represent mean ± SEM
of four mice from independent experiments.
*p < 0.001, ns: not significant (p > 0.05) by unpaired
Student’s t test.
(E) DiI crystals were unilaterally injected into the P0
WT or Msi1/ mice cerebellum as shown in
Figure 2A.
(F) In situ hybridization for Barhl1 in coronal
sections of E18.5 hindbrain. The dotted boxes in
the left panels indicate the positions of the high-
magnification images shown in the right panels.
The arrowheads in the right panels indicate the
presumptive scattered ECN neurons. The aster-
isks indicate the midline. In Msi1/ mice, both
LRN and ECN neurons formed the nerve nucleus
at the correct position, even though ECN neurons
tended to be less condensed.
Scale bar: (A) 0.5 mm; (B) top panels 200 mm,
middle and bottom panels 50 mm; (E) 0.5 mm; (F)
left panels 0.5 mm, right panels 100 mm (see also
Figure S2).
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RNA-Based Regulation in Axon Guidanceof Msi1 expression may impair midline crossing of LRN/ECN
neurons without affecting their generation. To further confirm
this, we also analyzed E13.5 hindbrain sections by immunostain-
ing for Pax6. Consistent with the observations in whole mount
preparations (Figure 3A), the numbers of LRN/ECN neuronsNeuron 67, 407–421migrating in the lateral hindbrain were
comparable in WT and Msi1/ mice,
but the number in the floor plate was
dramatically reduced in Msi1/ mice
(Figure 3B). Quantification of these results
revealed a 73% reduction of LRN/ECN
neurons in the floor plate in Msi1/
mice (Figure 3C). These results are prob-
ably not attributable to a delay in the
migration of LRN/ECN neurons, because
similar defects were also observed in
E14.5 Msi1/ mice (Figures S2A–S2C).
Thus, these results suggest that loss of
Msi1 expression results in impaired
midline crossing of LRN/ECN neurons.
We further asked whether LRN/ECNneurons were able to form the nerve nucleus in Msi1/ mice.
Unilateral DiI-tracing and in situ hybridization for Barhl1, a tran-
scription factor highly expressed in LRN/ECN neurons (Li et al.,
2004), revealed that the lateral reticular nucleus and the external
cuneatus nucleus formed at their normal positions in E18.5–P0, August 12, 2010 ª2010 Elsevier Inc. 411
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Figure 4. Robo3 Protein, but Not mRNA, Is
Downregulated in Msi1-Deficient Precere-
bellar Neurons
(A–C) Coronal sections of E13.5 hindbrain from
wild-type (WT) and Msi1-deficient (Msi1/) mice
were immunostained with anti-Robo3 (A), anti-
Robo1 (B), anti-Robo2 (B), anti-DCC (B), or anti-
EphA4 (C) antibodies. The asterisks indicate the
midline. (A) The middle and bottom panels are
magnified images of the top panels. Note that
Robo3 was markedly reduced in Msi1/
migrating precerebellar neurons, while the levels
of Robo1, Robo2, DCC, and EphA4 were normal.
(D) Western blot analysis of Robo3. Equal amounts
of caudal hindbrain extracts from E13.5 WT and
Msi1/micewere analyzed. Each lane represents
a single embryo from a littermate.
(E) The signal intensities of Robo3 shown in (D)
were normalized to that of actin, and the normal-
ized value of the wild-type was set as 100. The
data represent mean ± SEM of four mice.
*p < 0.001 by unpaired Student’s t test.
(F) In situ hybridization for Robo3 in coronal
sections of E12.5 and E13.5 hindbrain. Robo3
mRNA was normally expressed inMsi1/ precer-
ebellar neurons. Arrowheads point to migrating IO
neurons. The asterisks indicate the midline. The
dotted boxes indicate the positions of the high-
magnification images shown in (a0 ) and (b0).
(G) RT-PCRanalysis. Samples were prepared from
E13.5 caudal hindbrain. Each lane represents
a single embryo from a littermate. The expression
level of Robo3 mRNA was not altered in Msi1/
mice.
Scale bar: (A) top panels 200 mm, middle and
bottom panels 100 mm; (B) 200 mm; (C) top panels
200 mm, bottom panels 100 mm; (F) top and middle
panels 200 mm, bottom panels 100 mm (see also
Figure S3).
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RNA-Based Regulation in Axon GuidanceMsi1/ mice (Figure 3E and 3F), even though a minor cell
assembly defect was observed in the external cuneatus nucleus
(Figure 3F). Taken together, these results suggest that inMsi1/
mice, LRN/ECN neurons which have failed to cross the midline
are still able to form the nerve nucleus at the correct position
on the side ipsilateral to their origin and to project axons to the
cerebellum.
Although Msi1 was expressed in the embryonic spinal
commissural neurons whose axons cross the floor plate during
development (Figure S1A), the axonal midline crossing of these
neurons was normal in Msi1/ mice, suggesting that Msi1 is
not required for this crossing (Figure S2D).412 Neuron 67, 407–421, August 12, 2010 ª2010 Elsevier Inc.Robo3 Protein but Not mRNA
Is Reduced inMsi1-Deficient
Precerebellar Neurons
Since the defects in midline crossing of
Msi1/ precerebellar neurons are
strongly reminiscent of those that arise
fromabnormal regulation of the axonguid-
ance machinery, we next examined
whether axon guidance molecules thatregulate axonal midline crossing and migration of precerebellar
neurons are affected by loss of Msi1. To assess this possibility,
we investigated the expression levels of guidance cues and guid-
ance receptors inMsi1/mice. Previous studies using gene-tar-
geted mice have clearly shown that classical axon guidance
signals, such as Netrin-DCC and Slit-Robo, regulate midline
crossing of precerebellar neurons (Bloch-Gallego et al., 1999;
Yee et al., 1999;Marillat et al., 2004;DiMeglio et al., 2008;Marcos
et al., 2009). Immunohistochemical analyses revealed that Robo3
was dramatically downregulated in both the marginal and the
submarginal streams in E13.5 Msi1/ mice, while DCC, Robo1
and Robo2 were normally expressed (Figures 4A and 4B). Since
Neuron
RNA-Based Regulation in Axon Guidancethe number ofmigrating LRN/ECNneurons in themarginal stream
was not reduced in Msi1/ mice (Figures 3B and 3D) and the
immunoreactivity of EphA4, which is specifically expressed in IO
neurons (de Diego et al., 2002), was comparable in WT and
Msi1/ mice (Figure 4C), the decreased immunoreactivity of
Robo3 likely reflects a decrease in expression in both IO and
LRN/ECN neurons. Indeed, Msi1 and Robo3 were coexpressed
in migrating precerebellar neurons in WT mice (Figures S3A–
S3C). The floor plate-derived classical guidance cues appear to
be unaffected by loss of Msi1 expression, because Netrin-1,
Slit1, Slit2, and Slit3 were normally expressed in floor plate cells
in E13.5Msi1/ mice (Figure S3F). A western blot analysis using
extracts from E13.5 caudal hindbrain showed a 75% reduction in
the level of Robo3 protein inMsi1/mice, while the level of DCC
was unchanged (Figures 4D and 4E). Since, in E13.5 caudal hind-
brain, Msi2 was only expressed in the neuroepithelium
(Figure S1C) in which Robo3 was not expressed (Marillat et al.,
2004), Robo3 expression was not altered in E13.5Msi2-deficient
hindbrain (Figure S3G). The two recently identified splicing vari-
ants of Robo3, Robo3.1 and Robo3.2, were expressed in the
caudal hindbrain and were equally downregulated in Msi1/
mice (Figures S3H–S3K), suggesting that Msi1 may regulate the
expressions of both Robo3.1 and Robo3.2 in a similar fashion.
Thus, in the following experiments in which Robo3 cDNA was
transfected into the cultured cells, we used Robo3.1, which
reportedly antagonizes Slit-induced repulsion in spinal commis-
sural neurons (Chen et al., 2008). We next examined Robo3
mRNA expression by in situ hybridization and reverse transcrip-
tion-polymerase chain reaction (RT-PCR). Interestingly, the
expression pattern and level of Robo3 mRNA in E12.5-13.5
Msi1/ hindbrain were quite similar to those in WT (Figures 4F
and 4G). These results suggest that Robo3 expression was
decreased by the disruption of posttranscriptional regulation in
Msi1/ precerebellar neurons.
Unlike precerebellar neurons, the expression level of Robo3
protein was not decreased in Msi1/ commissural neurons
(Figures S3L–S3N), whose axonal midline crossing was normal
(Figure S2D), suggesting that the expression of Robo3 might
be differently regulated in different types of cells.Msi1 Increases Robo3 Expression through
Posttranscriptional Regulation
Since Msi1 has been characterized as an mRNA translational
regulator (Okano et al., 2002, 2005), the evidence that loss of
Msi1 reduces Robo3 expression through posttranscriptional
regulation prompted us to examine the possibility that Msi1
regulates the translation of Robo3mRNA. To address this issue,
we first examinedwhetherMsi1 protein is associatedwithRobo3
mRNA in vivo by an RNA-protein binding assay combining
affinity precipitation with RT-PCR (Figure 5A). An abundance of
Robo3 transcripts was detected in immunoprecipitates from
hindbrain extracts of WT but not Msi1/ mice and required
reverse transcription. Further analysis using specific primers
for Robo3.1 and Robo3.2 revealed that Msi1 binds to both
splicing variants (Figure S4A). GAPDH transcripts were not de-
tected (Figure 5A). These results suggest that Msi1 binds to
Robo3 mRNA in vivo either directly or indirectly.We also tested the possibility that Msi1 interacts with Robo3
protein to regulate its expression level. A coimmunoprecipitation
assay in cDNA-transfected COS-7 cells revealed that Msi1 co-
precipitated with the neuronal RNA-binding protein HuC, as we
previously observed (K.K., H.J.O., and H.O.; unpublished data),
but not with Robo3 protein (Figures 5B and S4B). These results
suggest that Msi1 does not form a complex with Robo3 protein.
We next examined whether Msi1 affects the stability of Robo3
protein using cycloheximide (CHX), a protein synthesis inhibitor.
The reduced level of Robo3 protein in CHX-treated COS-7 cells
was not altered even in the presence of Msi1 (Figure 5C), sug-
gesting that Msi1 is unlikely to control the level of Robo3 protein
through protein stabilization.
To further examine Msi1-mediated regulation of Robo3
expression, we used a gain-of-function approach. cDNA encod-
ing Robo3 and its 30UTR sequences (with a Myc-tag sequence)
was cotransfected with HA-Msi1 into COS-7 cells. Western
blot and RT-PCR analyses revealed that Myc-Robo3 protein,
but not its mRNA, was clearly upregulated by HA-Msi1 in
a dose-dependent manner (Figures 5D and 5E). Under this
condition, an increased amount of Robo3 mRNA was recruited
to heavy polysomes, in which the mRNAs were actively trans-
lated, in Msi1-expressing cells (Figures S4C–S4E). These results
suggest thatMsi1 likely regulates Robo3 expression at the trans-
lational level.
We next examined the functional domains of Msi1 that are
responsible for the regulation of Robo3 expression. Previous
studies have indicated that Msi1 protein can be functionally
divided into N- and C-terminal halves. The N-terminal half
contains two RRMs (RNA recognition motifs), which are required
for RNA binding, while the C-terminal half may have roles in inter-
actions with other proteins (Kawahara et al., 2008). To assess the
functions of the RRMs and the C-terminal half of Msi1 protein in
the regulation of Robo3 expression, cDNAs encoding wild-type
or the N-terminal half (DC) or the C-terminal half (DRRM) of
Msi1 (Figure 6A) were cotransfected with cDNA encoding
Robo3 (including the 30UTR) into COS-7 cells (Figures 6A–6C).
While wild-type Msi1 increased the expression of Robo3 protein
but not that of mRNA, DRRM failed to increase either the Robo3
protein or the mRNA (Figure 6B and 6C). On the other hand, DC
still increased the expression of Robo3 protein, but not its
mRNA, though to a lesser extent than the wild-type (Figures 6B
and 6C). These results suggest that the RNA-binding of Msi1 is
likely to be essential for the regulation of Robo3 expression.
However, indirect binding of Msi1 to Robo3 mRNA via RRMs
cannot be excluded. The C-terminal half of Msi1 protein may
also be required for a maximal effect, because DC was not as
effective as the wild-type.
We next attempted to determine the region in Robo3 mRNA
that is responsible for Msi1-mediated regulation. Surprisingly,
unlike previously identified target mRNAs, the 30UTR of Robo3
mRNA, which includes a single Msi1-binding consensus
sequence, was not essential for Msi1-mediated regulation
(Figures S5A–S5C). By expressing a series of deletion mutants
of Robo3 mRNA (Figure 6D) with Msi1 in COS-7 cells, we next
tested the coding region ofRobo3mRNA.Msi1 failed to increase
the protein level of Myc-Robo3 CDS (coding sequence) 3208–
4206 bp, while other deletion mutants of Myc-Robo3 wereNeuron 67, 407–421, August 12, 2010 ª2010 Elsevier Inc. 413
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Figure 5. Msi1 Associates with Robo3 mRNA, but Not Robo3 Protein, to Promote Expression
(A) In vivo RNA-protein binding assay combining affinity precipitation with RT-PCR. E13.5 hindbrain extracts were immunoprecipitated with anti-Msi1 antibody.
RNA present in the precipitates was subjected to RT-PCR amplification using specific primers for Robo3 and GAPDH. The right most lane indicates RT-PCR of
RNA from E13.5 wild-type (WT) mouse hindbrain without immunoprecipitation.
(B) Immunoprecipitation assay for the interaction of Msi1 with Robo3 protein. Extracts of COS-7 cells transfected with the indicated expression vectors were
immunoprecipitated (IP) with anti-Myc antibody and immunoblotted (IB) with anti-Flag antibody (top panel). Msi1 did not interact with Robo3 protein.
(C) Western blot analysis for the degradation of Robo3 protein. COS-7 cells were transfected with the optimized amounts of Myc-Robo3 and HA-Msi1, the condi-
tions under which the upregulation of Robo3 byMsi1 (Figure 5D) wasminimized, and cultured for 2 days. Then, the cells were treatedwith 10 mg/ml cycloheximide
(CHX) for 20 hr.
(D) Western blot analysis.Myc-Robo3 including its 30UTR sequence and HA-Msi1 were coexpressed in COS-7 cells. The amount of the expression vector for HA-
Msi1 is shown in micrograms per assay. The graph represents the relative signal intensities of Robo3 normalized to that of actin. The value obtained under the
condition ‘‘HA-Msi1 0 mg’’ (leftmost lane) was set as 1. The data represent mean ± SEM of four independent experiments. The data were subjected to a repeated-
measures ANOVA test, and p values were calculated by Bonferroni multiple comparison test: *p < 0.001.
(E) RT-PCR analysis under the same condition as described in (D).
(See also Figure S4.)
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RNA-Based Regulation in Axon Guidanceupregulated (Figure 6E), suggesting that the coding region
harboring CDS 2059–3207 bp, which does not contain the
Msi1-binding consensus sequence, is responsible for Msi1-
mediated regulation. An RNA-protein binding assay using dele-
tion mutants of Robo3 mRNAs revealed that Msi1 binds to the
Robo3 coding sequence harboring only 2059–3222 bp
sequence (Figures S5D and S5E). In agreement with these
results, both Robo3.1 and Robo3.2, which are equally downre-
gulated in Msi1/ caudal hindbrain (Figures S3H–S3K), share
the entire sequence of CDS 2059-3207 bp but only partially the
30UTR (Chen et al., 2008). Taken together, these results suggest
that, unlike other target mRNAs, Msi1 may regulate Robo3
expression through the coding region independently of the
consensus binding sequence.414 Neuron 67, 407–421, August 12, 2010 ª2010 Elsevier Inc.Msi1 Regulates Midline Crossing of Precerebellar
Neurons by Controlling Robo3 Expression
The impaired midline crossing and the ipsilateral projection to
the cerebellum of IO axons in Msi1/ mice closely resemble
the defects observed in Robo3/ mice (Marillat et al., 2004).
We further examined the architecture of the inferior olivary
nucleus at P0 when IO neurons have assumed their final nuclear
morphology (Figure 7A). In WT mice, the characteristic lamellar
structures of the three subdivisions including the medial acces-
sory olive (MAO), the dorsal accessory olive (DAO) and the prin-
cipal olive (PO) were clearly observed on Nissl-stained sections
(Figure 7Aa). However, in Msi1/ and Robo3/ mice, the
morphologies of DAOand POwere apparently and quite similarly
disorganized (Figures 7Aa and 7Ab). DAO were shortened and
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Figure 6. Msi1 Regulates Robo3 Expression
through the RNA Recognition Motif in
a Consensus Binding Sequence-Indepen-
dent Manner
(A–C) Analysis of the functional domain of Msi1 for
the regulation of Robo3 expression. Myc-Robo3
including its 30UTR sequence and Flag-Msi1 dele-
tion mutants were coexpressed in COS-7 cells.
(A) Schematic diagram of Flag-Msi1 deletion
mutants. RRM: RNA recognition motif, AA: amino
acid. (B) Western blot and (C) RT-PCR analyses.
The graph in (B) represents the relative signal
intensities of Robo3 normalized to that of actin.
The value of Vec (left most lane) was set as 1.
Vec: empty vector. The data represent mean ±
SEM of three independent experiments. The data
were subjected to a non-repeated-measures
ANOVA test, and p values were calculated by Bon-
ferroni multiple comparison test. *p < 0.01: Vec to
WT or DC, ns: not significant (p > 0.05): Vec to
DRRM.
(D–F) Western blot and RT-PCR analyses using
deletion mutants of Robo3 mRNA that partially
lack the coding sequence. Myc-Robo3 deletion
mutants shown in (D) and HA-Msi1 were coex-
pressed in COS-7 cells. (D) Schematic diagram of
deletion mutants of mouse Robo3 mRNA. The
coding sequence (CDS) of Robo3 (1–4206 bp)
was deleted as indicated. In all deletion mutants,
CDS was followed by a Myc sequence and a stop
codon (not depicted in the scheme) and the
30UTR sequence. The black and white circles indi-
cate the putative Msi1-binding sequences in the
30UTR (30UTR 156–163 bp: GUUUUAGU) and in
the CDS (CDS 1687–1691 bp): AUAGU), respec-
tively. FL: full length. (E) Western blot analysis.
The graphs represent the relative signal intensities
of Robo3 normalized to that of actin. The value
obtained under the condition ‘‘HA-Msi1()’’
(left lane) was set as 1. The data represent
mean ± SEM of four independent experiments.
*p < 0.001, **p < 0.005, **p < 0.002, ns: not signifi-
cant (p > 0.05) by unpaired Student’s t test.
(F) RT-PCR analysis under the same condition as
Western blot in (E).
(See also Figure S5.)
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RNA-Based Regulation in Axon Guidanceflipped dorsolaterally and PO exhibited abnormal rounded struc-
tures, while MAO maintained relatively normal structures in both
Msi1/ and Robo3/ mice (Figures 7Ab and 7Ac). The
abnormal DAO and PO structures in Msi1/ and Robo3/
mice were also confirmed by immunostaining for ER81, a tran-
scription factor specifically expressed in the DAO and PO in
the inferior olivary nucleus (Di Meglio et al., 2008; Figures 7Ad–
7Af). These results strongly indicate that Msi1 regulates the
development of IO neurons by controlling Robo3 expression.
To address further whether the defects inMsi1/mice can be
accounted for by the reduction in Robo3 expression, we also
examined the effects of selectively reducing Robo3 expression
on the midline crossing of LRN/ECN neurons against
a background of impaired Msi1 expression. As shown in Fig-
ure 3B, many crossing LRN/ECN neurons immunolabeled with
anti-Pax6 antibody were detected in the floor plate in E13.5WT mice (Figures 7B and 7C (1)). At this stage, the number of
LRN/ECN neurons in the floor plate in Robo3 heterozygous
mice was similar to that in WT mice (Figure 7B and 7C (3)),
whereas no Pax6-positive cells were detected in the floor plate
in Robo3 homozygous mice (data not shown). These results
are consistent with those of a previous report in which the
migrating LRN/ECN neurons were monitored by a green
fluorescence protein signal driven from the Robo3 locus (Marillat
et al., 2004). Msi1 heterozygous mice also showed a normal
midline crossing of LRN/ECN neurons (Figure 7B and 7C (2)).
However, in Msi1/Robo3 double heterozygous mice, the
crossing LRN/ECN neurons were significantly reduced
(Figure 7B and 7C (4)). These results show that, with a sensitized
background of Msi1 expression, selectively reducing the gene
dosage of Robo3 causes midline crossing defects in LRN/ECN
neurons. Thus, we attribute the midline crossing defects inNeuron 67, 407–421, August 12, 2010 ª2010 Elsevier Inc. 415
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Figure 7. Reduced Expression of Robo3
May Account for the Defects in Msi1-Defi-
cient Precerebellar Neurons
(A) Coronal sections of P0 wild-type (WT),
Msi1-deficient (Msi1/) and Robo3-deficient
(Robo3/) mice hindbrain at the level of the
inferior olivary nucleus. (a–c) Nissl-staining. The
arrowheads indicate the midline. (a0–c0) Illustra-
tions of the inferior olivary nucleus structures
in (a)–(c). DAO: dorsal accessory olive, PO: prin-
cipal olive, MAO: medial accessory olive. (a00–c00)
Magnified images of the inferior olivary nucleus in
(a)–(c). (d–f) Immunostaining for ER81. ER81 was
specifically expressed in DAO and PO. In WT
mice, the inferior olivary nucleus showed a charac-
teristic lamellar structure composed of three
subdivisions (DAO, PO, and MAO). However, the
architectures of the inferior olivary nucleus were
similarly disorganized in Msi1/ and Robo3/
mice.
(B) Coronal sections of E13.5 hindbrain from mice
with four genetic backgrounds, (1) Msi1+/+;
Robo3+/+ (n = 5), (2) Msi1+/; Robo3+/+ (n = 8), (3)
Msi1+/+; Robo3+/ (n = 7), and (4) Msi1+/;
Robo3+/ (n = 8), were immunostained with anti-
Pax6 antibody. FP: floor plate.
(C) Quantification of the number of Pax6-positive
cells in the floor plate in (B). The data represent
mean ± SEM. The data were subjected to a non-
repeated-measures ANOVA test, and p values
were calculated by Bonferroni multiple compar-
ison test: *p < 0.001 (4) to (1) or (2) or (3). Note
that the gene dosage of Robo3 influences the
midline crossing defects of LRN/ECN neurons
against a background of reducedMsi1 expression.
Scale bar: (A) (a–c) 300 mm, (a00–c00, d–f) 100 mm; (B)
50 mm.
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RNA-Based Regulation in Axon GuidanceMsi1/ precerebellar neurons mainly to the attenuated expres-
sion and function of Robo3.
Floor Plate-Derived Signal(s) Regulates Expression
of Msi1 in Migrating Precerebellar Neurons
Because Msi1 protein is downregulated during the migration of
IO and LRN/ECN neurons (Figure S1D) and the lengths of the
leading processes of migrating IO and LRN/ECN neurons are
strongly correlated with the starting points of Msi1 reduction
(i.e., the reduction in Msi1 expression in precerebellar neurons
seems to begin after the axons of precerebellar neurons have
reached the floor plate.) (Figure S6A), we testedwhether the floor
plate contains a signal(s) that regulates Msi1 expression. E12.5
rhombic lip explants, which include precerebellar neurons,
were cultured in the presence or absence of excess floor plate
explants (Figures 8 and S6B–S6D). As shown in Figures 8B
and 8C, Msi1 expression was significantly reduced only in
rhombic lip explants that were cocultured with floor plate
explants and not in those cultured with cerebral cortex explants.
This result suggests a mechanism in which a floor plate-derived416 Neuron 67, 407–421, August 12, 2010 ª2010 Elsevier Inc.signal(s) suppresses Msi1 expression to reduce Robo3 transla-
tion in migrating precerebellar neurons, thereby regulating their
midline crossing.
DISCUSSION
The present study has shown that mice lacking Msi1 display
severe defects in midline crossing of developing precerebellar
neurons. We also provided evidence suggesting that the
impaired midline crossing in Msi1/ precerebellar neurons
can be attributed to a reduction in Robo3 expression. Further-
more, we have shown that Msi1 regulates Robo3 expression at
the posttranscriptional level. Taken together, our findings high-
light the importance of RNA-based regulation in the formation
of neural circuits.
Involvement of Impaired Slit-Robo Signal in the Defects
ofMsi1-Deficient Precerebellar Neurons
As previous studies have indicated, the Slit-Robo repulsive
signal controls midline crossing of precerebellar neurons as
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Figure 8. Floor Plate-Derived Signal(s)
Attenuates Msi1 Expression
(A) Schematic representation of the explant cocul-
ture system. E12.5 rhombic lip (RL) explants in a
24-well plate were cultured with or without E12.5
floor plate (FP) or cerebral cortex (CX) explants in
cell culture insert (0.4 mm pore) for 36 hr.
(B) Western blot analysis of Msi1. Equal amounts
of RL explants extracts were analyzed.
(C) The signal intensities of Msi1 shown in (B) were
normalized to that of actin, and the normalized
value of RL only (left lane) was set as 100. The
data represent mean ± SEM of five experiments.
The data were subjected to a non-repeated-
measures ANOVA test, and p values were
calculated by Bonferroni multiple comparison test. *p < 0.01: RL to RL+FP, ns: not significant (p > 0.05): RL to RL+CX. Note that Msi1 expression was significantly
reduced in the RL explants which were cocultured with FP explants (RL+FP).
(See also Figure S6.)
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RNA-Based Regulation in Axon Guidancewell as other types of neurons (Dickson, 2002; Marillat et al.,
2004; Sabatier et al., 2004; Dickson andGilestro, 2006; Di Meglio
et al., 2008). Genetic studies in the spinal cord have revealed that
Robo3 allows axons to cross the midline, probably by interfering
with Slit-Robo1/2 repulsion, because lack of Robo3 causes
complete loss of crossing axons, and this defect can be rescued
by depletion of Robo1, a major repulsive receptor in spinal
commissural neurons (Sabatier et al., 2004; Long et al., 2004).
In the hindbrain, Robo3 is also absolutely essential for midline
crossing of all precerebellar neurons, since there is a complete
loss of crossing fibers in Robo3/ mice (Marillat et al., 2004).
We propose that the midline crossing defects inMsi1/ precer-
ebellar neurons are largely caused by the Robo3 reduction,
resulting in impairment of Slit-Robo repulsion, based on the
following: (1) among the guidance receptors and cues we exam-
ined, Robo3 is specifically downregulated in Msi1/ hindbrain
(Figures 4 and S3F); (2) Msi1/ and Robo3/ mice have
many defects in common, such as the ipsilateral projection of
IO axons (Figure 2), the failure of midline crossing of LRN/ECN
neurons (Figure 3), and a quite similar abnormal structure of
the inferior olivary nucleus (Figure 7A); and (3) selective reduction
of Robo3 gene dosage on the background of decreased Msi1
expression exacerbates the defect of LRN/ECN neurons (Fig-
ures 7B and 7C).
Contribution of Msi1-Mediated Posttranscriptional
Regulation in Robo3 Expression
In contrast to IO and LRN/ECN neurons, Robo3 expression is not
significantly reduced and thereby the midline crossing is normal
in Msi1/ spinal commissural neurons (Figures S2D and S3L–
S3N). Two LIM homeodomain transcription factors, Lhx2 and
Lhx9, were recently shown to be essential for Robo3 expression
in spinal commissural neurons (Wilson et al., 2008). In double-
mutant mice lacking Lhx2 and Lhx9, Robo3 is absent in commis-
sural neurons, and their axons completely fail to cross the
midline. Moreover, Lhx2 directly binds to the conserved LIM ho-
meodomain sequence in the Robo3 gene. This evidence
suggests that Lhx2 and Lhx9 are potent positive regulators of
Robo3 at the transcriptional level. However, unlike in spinal
commissural neurons, neither Lhx2 nor Lhx9 is expressed in
migrating IO and LRN/ECN neurons (Figures S3O–S3R). Thus,it is possible that the presence or absence of potent transcrip-
tional regulation by Lhx2 and Lhx9 may account for the different
influences of Msi1 deficiency on Robo3 expression in the spinal
cord and hindbrain. To test this idea, it would be interesting to
examine whether ectopic expressions of Lhx2 and Lhx9 can
restore Robo3 protein levels in Msi1/ precerebellar neurons.
Although Robo3/ mice exhibit loss of the pontine nucleus,
which consists of PN neurons that migrate rostrally (Marillat
et al., 2004), the pontine nucleus in Msi1/ mice is normal
(Figures S2E–S2G). Thus, the contribution of Msi1-mediated
posttranscriptional regulation in Robo3 expression may differ in
different cells, depending on the cellular contents such as the
presence of other transcriptional or translational regulators.
Whether Msi1 binds directly toRobo3mRNA or requires adaptor
protein(s) for binding remains unclear; in the latter case, differ-
ences in the expression patterns of the adaptor protein(s) might
explain why Msi1 regulates Robo3 expression in particular
neurons.
Given that Msi1 is widely expressed in developing neurons
(Figure S1A), it would also be interesting to examine the develop-
ment of other Robo3-expressing neurons inMsi1/ mice, such
as GABAergic cortical interneurons, which exhibit a morpholog-
ical abnormality in Robo3/ mice (Barber et al., 2009).
Posttranscriptional Regulation in Axon Guidance
Accumulating evidence indicates that local translation in axons
regulates how growing axons respond to guidance cues (Martin,
2004; Lin and Holt, 2007). Protein synthesis in the growth cones
enables axons to respond to signals very quickly without waiting
for a supply of newly synthesized proteins from the cell body, at
least in vitro (Lin and Holt, 2008). Expressions of several guid-
ance receptors including Robo3 are dramatically changed
around the floor plate (Dodd et al., 1988; Brittis et al., 2002;
Sabatier et al., 2004) presumably to permit alterations of axonal
responsiveness to the floor plate-derived guidance cues before
and after crossing. Thus, it may be reasonable to expect that
axonal local translation would be co-opted to control the expres-
sion levels of guidance receptors. To date, however, EphA2 is
the only guidance receptor that has been suggested to be trans-
lated locally in growing spinal commissural axons (Brittis et al.,
2002), and the importance of its translational control in axonalNeuron 67, 407–421, August 12, 2010 ª2010 Elsevier Inc. 417
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mRNAs localized in axons tend to be difficult to detect, given that
neither Robo3 transcripts nor Msi1 protein is detectable in the
axons (Chen et al., 2008; Figures 4F and S3A–S3E), the local
translation of Robo3 is unlikely to be directed by Msi1 in growing
axons. Further studies will be necessary to verify the involvement
of Msi1 in local axonal translation of guidance receptors.
In wild-type IO and LRN/ECN neurons, Robo3 protein is down-
regulated as these neurons migrate toward the midline (Marillat
et al., 2004; Figure 4A). This downregulation of Robo3 has
been considered a mechanism for the prevention of postcross-
ing axons from recrossing and perhaps also a mechanism for
ensuring that IO cell bodies stop before crossing (Marillat
et al., 2004; Di Meglio et al., 2008). Posttranscriptional regulation
is definitely critical for Robo3 expression in IO neurons as well as
in LRN/ECN neurons, because loss of Msi1 causes a striking
decrease in Robo3 protein without affecting the mRNA level
(Figure 4). Since Robo3 mRNA in IO and LRN/ECN neurons is
also downregulated during migration (Figure 4F), transcriptional
control may also be important in Robo3 expression. In view of
these facts, quite efficient and robust translational control of
Robo3 by Msi1 may ensure a sufficient level of Robo3 protein
even after theRobo3mRNA level drops. Hence, if Msi1 is absent,
precerebellar neurons may be unable to maintain an appropriate
level of Robo3 protein, especially after the transcriptional activity
of Robo3 weakens, resulting in the failure of their axons to cross
the midline.
Target tissue-derived signals alter expression programs in
many cell types including neurons (Ginty and Segal, 2002). Since
a signal(s) secreted from the floor plate decreases Msi1 expres-
sion (Figure 8), it is conceivable that the floor plate finely controls
the timing of Robo3 downregulation by reducing Msi1. This
observation raises the possibility of a molecular mechanism for
the previously proposed model, in which the temporally regu-
lated Robo3 expression level determines whether the axons
and cell bodies of IO and LRN/ECN neurons cross the floor plate
(Marillat et al., 2004). Although we did not detect a reduction of
Msi1 in rhombic lip explants cultured in the presence of Netrin-
1 or Ephrin-B3 (Figure S6E), further studies aimed at identifying
candidate molecules responsible for the reduction in Msi1
expression are anticipated to facilitate understanding of the
precise molecular mechanisms.
Diverse Mechanisms of Msi1-Mediated Translational
Control of Target mRNA
In contrast to the previously identified target mRNAs of Msi1,
such as ttk69 in Drosophila (Okabe et al., 2001; Okano et al.,
2002), mos in Xenopus (Charlesworth et al., 2006), and
m-numb and p21WAF in mammals (Imai et al., 2001; Battelli
et al., 2006), Msi1 regulates the translation of Robo3 mRNA
through its coding region independently of the 30UTR and
Msi1-binding consensus sequence (Figures 6D–6F and S5).
Moreover, unlike the regulation of m-numb and p21WAF, Msi1
activates the translation of Robo3 mRNA and increases the
Robo3 protein level (Figures 4, 5D, 5E, and S4C–S4E). Although
RNA-binding proteins commonly repress translation, several
RNA-binding proteins function as translational activators,
including the Xenopus homolog of Msi1, NRP (Charlesworth418 Neuron 67, 407–421, August 12, 2010 ª2010 Elsevier Inc.et al., 2006), and HuD (Fukao et al., 2009). The bidirectional
translational regulation by Msi1 of different target mRNAs might
be, at least in part, accounted for by the different manners of its
interaction with target mRNAs (i.e., binding to 30UTR or the
coding region), which will arise from different molecular events
such as protein recruitment. It might be interesting to compare
the proteins associating with Msi1 on the different target mRNAs
such as m-numb and Robo3.
The molecular mechanism underlying Msi1-mediated transla-
tional activation of Robo3mRNA remains to be elucidated. Msi1
may activate the translation of Robo3mRNA by associating with
other RNA-binding proteins involved in mRNA stabilization/
translation or by inhibiting the functions of a putative translational
repressor for Robo3 mRNA. Msi1 forms a complex with insulin-
like growth factor 2 mRNA binding protein (IMP) (also known as
c-myc coding region instability determinant binding protein),
which binds to the coding region of c-myc mRNA and stabilizes
it (Kawahara et al., 2008; Leeds et al., 1997). It would be inter-
esting to examine the possibility that Msi1 and IMP form
a complex on the coding region of Robo3mRNA and cooperate
to activate its translation.
Since RRM domains in Msi1 are essential for Msi1-mediated
Robo3 regulation (Figures 6A–6C), it is possible thatMsi1 directly
binds to Robo3 mRNA. In this case, since practical virtual spec-
trometry (GenoPoemics Spectrometry; Nakamura, 2009)
predicts that the putative Msi1-binding region of Robo3 mRNA
(CDS 2059–3222 bp) may contain multiple stem loop structures
(Figure S5F), Msi1 may recognize Robo3 mRNA through ‘‘struc-
ture-based recognition,’’ as occurs for the translational regula-
tion of proopiomelanocortin (pomc) mRNA inwhich RNA-binding
proteins may interact with the stem loop structures in the coding
region of pomc mRNA to inhibit translation (Spencer and Eber-
wine, 1999). This possibility could be tested by examining the
interaction between Msi1 and Robo3 mRNA in the presence or
absence of the putative stem loop sequences of Robo3
mRNA, as in the case where pomc mRNA was tested (Spencer
and Eberwine, 1999). Continued work on the molecular mecha-
nisms underlying Msi1-mediated regulation of Robo3 is antici-
pated to provide important insights into the diverse molecular
mechanisms regulating mRNA translation.
EXPERIMENTAL PROCEDURES
Animals
Msi1/ mice and Robo3/ mice (both are CD-1 strain), as previously
described (Sakakibara et al., 2002; Sabatier et al., 2004), were genotyped by
PCR. Msi1 heterozygous mice and Robo3 heterozygous mice were crossed
to obtain Msi1 and Robo3 double heterozygous mice. The day of the vaginal
plug confirmation was counted as embryonic day 0 (E0) and the day of the birth
as postnatal day 0 (P0). All experimental procedures were approved by the
ethics committee of Keio University and were in accordance with the Guide
for the Care and Use of Laboratory Animals (U.S. National Institutes of Health).
Explant Culture
Explants of the hindbrain were dissected from E12.5 mouse brains and cut
along the dorsal midline, then opened and flattened into an ‘‘open book’’
configuration. Fragments of the floor plate and rhombic lip were separated
using scalpel blades. The rhombic lip explants from single embryo were
cultured with or without the floor plate explants from 18 embryos in
a 24-well plate with cell culture inserts (0.4 mm pore size, BD Falcon) for
Neuron
RNA-Based Regulation in Axon Guidance36 hr. In some experiments, the rhombic lip explants were cultured in the pres-
ence of recombinant Netrin-1 (R&DSystems) or Ephrin-B3 (R&DSystems). The
minimum volume of the culture medium containing DMEM-F12 (Sigma-Al-
drich), 10% fetal bovine serum (Invitrogen) and 13 N2 supplement (Invitrogen)
were used.
Antibodies
The following primary antibodies were used for immunohistochemistry: rabbit
anti-Pax6 (Millipore) (1:1000), goat anti-Robo3 (R&D Systems) (1:100), goat
anti-Brn3 (Santa Cruz Biotechnology) (1:200), goat anti-EphA4 (R&D Systems)
(1:50), goat anti-DCC (R&D Systems) (1:100), rabbit anti-VGluT2 (Synaptic
Systems) (1:500), rat anti-Musashi1 (14H1, Kaneko et al., 2000) (1:2000), rabbit
anti-Musashi2 (Sakakibara et al., 2001) (1:500), rabbit anti-Robo1 (a kind gift
from Dr. Fujio Murakami; Sabatier et al., 2004) (1:50), rabbit anti-Robo2
(a kind gift from Dr. Fujio Murakami; Sabatier et al., 2004) (1:50), mouse anti-
TAG1 (4D7, DSHB) (1:200), rabbit anti-LH2A/LH2B (Lhx2/9) (a kind gift from
Dr. Thomas M. Jessell; Liem et al., 1997) (1:5000), rabbit anti-ER81 (Covance)
(1:10000), mouse anti-bIII-Tubulin (TUJ1, Covance) (1:1000). The following
primary antibodies were used for western blot: goat anti-Robo3 (R&D
Systems) (1:1000), goat anti-DCC (R&D Systems) (1:500), rat anti-Musashi1
(14H1; Kaneko et al., 2000) (1:1000), rabbit anti-Musashi2 (Sakakibara et al.,
2001) (1:500), mouse anti-Flag (M2, Sigma-Aldrich) (1:1000), mouse anti-c-
Myc (9E10, Sigma-Aldrich) (1:1000), rabbit anti-Robo3.1 (Chen et al., 2008)
(1:1000), rabbit anti-Robo3.2 (Chen et al., 2008) (1:1000), mouse anti-Actin
(Sigma-Aldrich) (1:1000). Secondary antibodies are as follows: Alexa488
conjugated goat anti-mouse IgG (Invitrogen) (1:1000), Alexa488-conjugated
goat anti-rabbit IgG (Invitrogen) (1:1000), Alexa488-conjugated goat anti-rat
IgG (Invitrogen) (1:1000), Alexa488-conjugated donkey anti-rabbit IgG (Invitro-
gen) (1:1000), Alexa488-conjugated donkey anti-rat IgG (Invitrogen) (1:1000),
Alexa555-conjugated goat anti-rat IgG (Invitrogen) (1:1000), Alexa555-conju-
gated goat anti-rabbit IgG (Invitrogen) (1:1000), Alexa555-conjugated goat
anti-mouse IgM (Invitrogen) (1:1000), Alexa555-conjugated donkey anti-goat
IgG (Invitrogen) (1:1000), alkaline phosphatase-conjugated sheep anti-digox-
igenin (Roche Diagnostics) (1:1000), biotinylated-goat anti-rabbit IgG (Jackson
ImmunoResearch) (1:400), horseradish peroxidase (HRP)-conjugated anti-
rabbit IgG (Jackson ImmunoResearch) (1:1000), HRP-conjugated anti-rat
IgG (Jackson ImmunoResearch) (1:1000), HRP-conjugated anti-mouse IgG
(Jackson ImmunoResearch) (1:1000), HRP-conjugated anti-goat IgG (Jackson
ImmunoResearch) (1:1000). The following antibodies were used for immuno-
precipitation: mouse anti-Msi1 (Y2709) (1:500), mouse anti-Flag (M2, Sigma-
Aldrich) (1:100), mouse anti-c-Myc (9E10, Sigma-Aldrich) (1:200).
Immunohistochemistry
The tissues were fixed with 4% paraformaldehyde (PFA) in phosphate-buff-
ered saline (PBS) (pH 7.4), followed by cryoprotection with 20% sucrose.
Frozen 14 mm thick tissue sections were prepared using a cryostat
(CM3000, Leica). The sections were incubated with primary antibodies in
TNB blocking buffer (PerkinElmer) at 4C overnight, and then with fluores-
cence dye-conjugated secondary antibodies at room temperature for 1 hr.
The images were observed by fluorescence microscopy (Axioplan2 Imaging,
Carl Zeiss) and confocal laser scanning microscopy (LSM700, Carl Zeiss).
To visualize the structure of the inferior olivary nucleus at P0, frozen sections
were stained with 0.2% cresyl violet (Nissl staining). Whole-mount immunos-
taining was performed as previously described (Matsunami and Takeichi,
1995) with some modifications. Briefly, embryos fixed with 4% PFA in PBS
were incubated in methanol at 20C for 20 min, and in hydrogen peroxide
at room temperature for 1 hr. After blocking in TNB blocking buffer, the
embryos were incubated with primary antibody at 4C overnight and with bio-
tinylated-secondary antibody at 4C overnight. Pax6-immunoreactivity was
detected by the avidin-biotin peroxidase complex method using a Vectastain
ABC kit (Vector Laboratories).
In Situ Hybridization
The 500–800 bp of mouse cDNA sequences for Netrin-1, Slit1, Slit2, Slit3,
Robo3, and Barhl1 were amplified from E13.5 mouse hindbrain cDNA and
subcloned into pBluescript II vector (Stratagene). In vitro transcription was
then performed using T7 and T3 RNA polymerase with digoxigenin (DIG)-11-d-UTP (Roche Diagnostics) to synthesize sense and antisense probes. Frozen
sections were hybridized with DIG-labeled riboprobes. Briefly, the sections
were pre-hybridized with a hybridization buffer (HB) containing 50% form-
amide, 5% SDS, 1 mg/ml yeast tRNA, 0.9M NaCl, 0.05M NaH2PO4, 5 mM
EDTA (pH 7.4) at 65C for 1 hr, and then hybridized with 400 ng/ml DIG-labeled
riboprobes in HB at 65C for 20 hr. After washes in the buffer containing 50%
formamide, 0.3M NaCl, 0.03M sodium citrate (pH 5.0) at 65C, the sections
were blocked in 2% Blocking Reagent (Roche Diagnostics) at room tempera-
ture for 1 hr, and then incubated with anti-DIG antibody conjugated with
alkaline phosphatase (Roche Diagnostics) at 4C overnight. The alkaline phos-
phatase activity was detected using BM Purple (Roche Diagnostics). The
images were observed by microscopy (BZ-9000, Keyence).
DiI Tracing of Precerebellar Neurons
After intracardiac perfusion with 4% PFA, the brains of P0 or 6-week-old (6W)
mice were dissected out. A small crystal of lipophilic tracer 1,10-dioctadecyl-
3,3,30,30-tetramethylindocarbocyanine (DiI, Invitrogen) was applied on one
side of the P0 cerebellum for retrograde labeling and on 6W inferior olivary
nucleus for anterograde labeling. The DiI-injected brains were incubated in
4%PFA at 37C in the dark for 3–4 weeks (P0 brains) or 6–8 weeks (6Wbrains),
then embedded in 4% agarose and cut into 150 mm sections with a vibratome
(VT1000S, Leica). The sections were counterstained with 10 mg/ml Hoechst
33342 (B2261, Sigma-Aldrich) in PBS for 30 min. The images were observed
with a fluorescence microscope (Axioplan2 imaging, Carl Zeiss).
Western Blot
The mouse embryonic tissues and COS-7 cells which were transfected with
cDNAs using Gene Juice Transfection Reagent (Novagen) were homogenized
with a lysis buffer (TNE buffer) containing 10 mM Tris-HCl (pH 8.0), 150 mM
NaCl, 1 mM EDTA, 1% Nonidet P-40, protease inhibitors (Complete, Roche
Diagnostics), and centrifuged at 12,000 3 g for 30 min at 4C to obtain the
supernatant. The lysates (10–30 mg of protein per lane) were separated by
7.5 or 10% SDS-polyacrylamide gel electrophoresis (PAGE), blotted onto Im-
mobilon membrane (Millipore), and incubated with primary antibodies. After
incubation with horseradish peroxidase-conjugated antibodies, the proteins
were detected by the chemiluminescence method (SuperSignal West Dura
Extended Duration Substrate, Thermo Scientific). Signal intensities were quan-
tified with an image analyzer (LAS-3000, FUJIFILM).
Coimmunoprecipitation Assay
COS-7 cells were transfected with cDNAs encoding Myc-Robo3, Myc-HuC,
Myc-GFP, and Flag-Msi1 using Gene Juice Transfection Reagent (Novagen).
The cells were harvested 48 hr after transfection and lysed in TNE buffer.
The lysates (200 mg) were incubated at 4C for 2 hr with antibodies. The
complexes were precipitated with protein A-Sepharose (GE Healthcare),
separated by 10% SDS-PAGE, and detected by western blot.
RT-PCR
The mRNAs were extracted from the caudal hindbrain and cDNA-transfected
COS-7 cells using TRIzol Reagent (Invitrogen). After reverse transcription, PCR
was carried out using the primer sets for tagged-Robo3(1) (50-CATGGACA
CCGTGCTCGAAT-30 and 50-CGGGGTACCTCAATTCAGATCCTCTTCTG-30 ),
tagged-Robo3(2) (50-GATG ACGATGACAAGCTTGC-30 and 50-GGATCCTCTA
GAGTCGACTG-30), endogenous Robo3 (50-GCAAACAGCATTACCTTGACC
T-30 and 50-GCCTGCAATCCTCCAAGA CACA-30), Robo3.1 (50-ACATCCCAC
ATCTCCATCAG-30 and 50-CAACCCAGAAGT GCAGCATC-30), Robo3.2 (50-A
CATCCCACATCTCCATCAG-30 and 50-GGGACTATT GGGACTTCTGC-30 ),
Msi1 (50-TGAAAGAGTGTCTGGTGATGCG-30 and 50-ACGAT GTCCTCGCTCT
CAAACG-30), Netrin-1 (50-CCTGCAACTGCAACCTCCAT-30 and 50-ATTTTGG
GACACTTGCAGGC-30), Brn3.2 (50-ACCACACCATGAACACCATC-30 and 50-T
GTTGTTGTGTGACAGCGTG-30), Pax6 (50-AAGCTCAGATGCGACTTCAG 30
and 50-ACTCCAGGTGAAATGAGTCC-30), GAPDH (50-CTCAAGATTGTCAG
CA ATGC-30 and 50-ACAACCTGGTCC TCAGTGTA-30).
RNA Protein Binding Assay
Immunoprecipitation followed by RT-PCR was performed as previously
described (Iijima et al., 2005), with some modifications. E13.5 mouse caudalNeuron 67, 407–421, August 12, 2010 ª2010 Elsevier Inc. 419
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150 mMNaCl, 50 mM Tris-HCl (pH 7.4), 0.1% Triton X-100, protease inhibitors
(Complete, Roche Diagnostics). The lysates were precleared with protein
A-Sepharose (GE Healthcare) at 4C for 1 hr, followed by incubation with
mouse anti-Msi1 antibody at 4C overnight and protein A-Sepharose at 4C
for 2 hr. After washes with cold NET-Triton buffer, the samples were resus-
pended in DNase buffer (50 mM Tris-HCl [pH 7.4], 6 mM MgCl2, 3 mM
CaCl2) containing DNase I and RNase inhibitor. The mRNAs in the DNase
buffer were ethanol-precipitated, then subjected to reverse transcription and
PCR.
Polysome Gradient Analysis
The polysome gradient analysis was performed as previously described (Antic
et al., 1999), with some modifications. cDNA-transfected COS-7 cells were
homogenized with a lysis buffer containing 50 mM Tris (pH 7.6), 150 mM
KCl, 3 mM MgCl2, 0.1% Triton X-100, 1 mM DTT, protease inhibitors
(Complete, Roche Diagnostics), 40U/ml RNasin (Promega), 10 mg/ml cyclo-
heximide. Cytoplasmic cell extracts were prepared by centrifugation for
10min at 10,0003 g at 4C andwere loaded over linear 10.6 ml sucrose gradi-
ents (15%–45%). Samples were centrifuged for 2 hr at 35,000 rpm in a Beck-
man SW41 rotor. After centrifugation, 25 fractions were collected from the top.
An aliquot of each fraction was used for the OD254 readings and RNA/protein
isolations. For RNA isolation, the fractions were precipitated with 0.1 M NaCl
and 2.5 volumes of ethanol, the pellets were dissolved in TRIzol regent (Invitro-
gen), and RNA was extracted according to the manufacturer’s protocol.
Proteins were extracted from the sucrose fractions by trichloroacetic acid
precipitation. The entire amounts of extracted RNA and protein were used
for the RT-PCR and western blot analyses, respectively.
Practical Virtual Spectrometry
The putative stem loop structures of mouse Robo3mRNA (NM_001164767.1)
were analyzed by practical virtual spectrometry, as previously described
(GenoPoemics Spectrometry; Nakamura, 2009). A value of 55% was applied
to the threshold for validity-integrated, which represents the comprehensive
validity of the motifs, to remove ‘‘less valid’’ stem loops that may not exist
under physiological conditions.
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